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2According the Cassie-Baxter model [5], water drops sit only on top of the protrusions of the rough surfaces in a
way that air is trapped in the solid-air composite surface. The apparent CA, θ cr [deg], is given by
cos θ cr = f
(
cos θ f + 1
)
− 1, (2)
where f [−] is the fraction of the solid area that it is in contact with the liquid, and θ f [deg] is again Young’s contact
angle of the smooth surface. A superhydrophobic surface in the Cassie-Baxter state remains dry, as water forms drops
that easily roll oﬀ and are hardly in contact with the surface. Wenzel and Cassie-Baxter states are depicted in ﬁgure
1(a) and ﬁgure 1(b), respectively.
(a) (b)
Figure 1: Water drop in the Wenzel (a) and Cassie-Baxter state (b).
Due to the micrometric size of the structures that are required to reach the superhydrophobic state, wear of the
surface when used under harsh environmental conditions could lead to a quick deterioration of the water repellent
properties. A promising solution is the use of wear resistant diamond-like carbon (DLC) coatings, which are known
for their excellent tribological properties [6]. When applied by plasma enhanced chemical vapor deposition (PE-
CVD), DLCs composition can be tuned in order to reduce their surface energy. An increase of the roughness of a
hydrophobic DLC will reduce its wetting, while keeping good wear resistance properties [7]. Two DLC coatings,
with respectively low and high surface energy, were applied on a stainless steel substrate. The coated samples were
directly processed with ultra short laser pulses (USLP).
Superhydrophobic surfaces can be used to prevent ice accumulation over structures, as liquid water would not
have the time for freezing before rolling oﬀ [8], even when it is in a metastable supercooled state [9]. The potential
applications of a durable ice repellant surface include power transmission lines protection, leading-edge protection for
the aircraft industry, telecommunication antennas, etc. [10, 11, 12]
2. Experimental setup
A Trumpf TruMicro 5050 laser source, which operates at a central wavelength of 1030 nm, was employed for
the generation of the laser pulses. A Second and a Third Harmonic Generation (SHG and THG) units were used for
converting the central wavelength to 515 nm and 343nm, respectively. The employed average power was adjusted in
order to machine the samples slightly above the ablation threshold of the material. The pulse repetition rate was ﬁxed
to 200 kHz, and the pulse duration was constant at 6.7ps for all experiments. The laser polarization was horizontally
linear. Manipulation of the beam over the samples was performed by a two mirror galvo scanner system with a
positioning accuracy of 1 μm.
A 103mm fθ telecentric-lens focused the laser beam to a spot with a diameter of about 30 μm that resulted in an
eﬀective spot size of about 18 μm, due to the Gaussian power density proﬁle at focus and the ablation threshold. The
eﬀective beam diameter allows creating a topography on a surface with feature size of the same order of magnitude
as those observed in natural water repellent surfaces, like that of the Lotus leaf [13].
The focused laser beam was scanned over the sample in a regular orthogonal hatched pattern, with a controlled
distance between lines referred here to as ’hatch distance’. This pattern was applied a number of times, referred here
to as ’over-scans’, in order to increase the depth of the structures by subsequent removal of ablated material.
Fig. 1
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3Figure 2: Experimental setup.
As the energy distribution of the laser beam is Gaussian, the applied average power was measured at the exit of
the scanner system, and then averaged across the irradiated area. In all experiments the angle of incidence of laser
radiation was perpendicular to the specimen surface. The samples were irradiated in air, at room temperature.
A 1mm thick stainless steel sheet (Werkstoﬀ-Nr. 1.4544.9) was used as a substrate for two 12 μm thick DLC
coatings, which were kindly provided by the Fraunhofer Institut fu¨r Fertigungstechnik und Angewandte Material-
forschung (Fraunhofer IFAM) in Bremen (Germany). Wetting properties of the laser machined DLC samples were
measured in a Dataphysics OCA 20 contact angle measurement system, using 10 μl distilled water drops.
3. Results
The topography of the laser-structured DLC coated samples was examined by a scanning electron microscope
(SEM), and it is shown in ﬁgure 3. Figure 3(a) shows the topography of a DLC sample with high surface energy,
which is indicated by an apparent CA below 90◦, after laser processing. The surface is fully covered with ’peaks and
valleys’ resulted from the selective removal of material from the laser tracks, which have an horizontal spacing of 20
μm (top to top), and a depth of about 12 μm.
(a) (b)
Figure 3: SEM images of textured (a), and partially textured (b) DLC coatings . Processing parameters (a): ﬂuence 0.3 J/cm2, pulse frequency 200
kHz, beam velocity 600 mm/s, hatch distance 20 μm, 20 over scans, laser wavelength 515 nm. Processing parameters (b): ﬂuence 0.1 J/cm2, pulse
frequency 200kHz, beam velocity 400 mm/s, hatch distance 60 μm, 10 over scans, laser wavelength 343 nm.
Fig. 2
Fig. 3
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4Figure 3(b) shows the machined area of a DLC coating with low surface energy. This coating has been irregularly
processed due to the high transmittance at the wavelength of the laser light of 343 nm. In this case, the laser pulses
reach the metal substrate, and ablation takes place at the metal-DLC interface. The ablated material is ejected explo-
sively and damages the coating. In order to avoid its complete removal, the distance between the scanned lines was
increased. Table 1 includes the laser processing parameters that were employed.
Sample Fluence Pulse frecuency Beam velocity Hatch distance Overscans
(J/cm2) (kHz) (mm/s) (μm)
DLC1 0.3 200 600 20 20
DLC2 0.1 200 400 60 10
Table 1: Laser processing parameters.
The static water CA of the base material and the DLC coated samples, both processed and unprocessed, was
measured and is shown in table 2. In this table, DLC1 and DLC2 refers to the high and low surface energy coat-
ings, respectively. It is shown that increasing the roughness ampliﬁes the natural hydrophobic/philic properties of the
material. When the static contact angle of a smooth sample is below 90◦, DLC1, the machined pattern yields super-
hydrophilic properties. When the material has an initial contact angle greater than 90◦, DLC2, the machined pattern
increases the water repellency and it is possible to achieve superhydrophic surfaces. The actual static contact angle
of the superhydrophilic DLC1 sample could not be measured because the high spreading of the water drops formed a
thin ﬁlm, which completely covered the laser-processed area.
Stainless steel DLC1 DLC2 Machined DLC1 Machined DLC2
78◦ ± 4◦ 75◦ ± 4◦ 98◦ ± 4◦ ≤ 35◦ 150◦ ± 4◦
Table 2: Static CA measurements and images of 10 μL water drops over coated and uncoated samples. DLC1 and DLC2 refers to the high and low
surface energy coatings, respectively.
4. Conclusions
Hard superhydrophobic coatings have been investigated for their potential use as anti-ice surfaces. Diamond like
carbon coatings with diﬀerent surface energies were successfully applied on top of a stainless steel surface via PE-
CVD. A laser process was developed in order to create a lotus-like structure in a DLC coating. This was achieved for a
DLC sample with a relatively high surface energy, yielding a superhydrophilic behavior. A DLC coating with reduced
surface energy was partially machined by USLP, and its water repellent properties were improved till reaching the
superhydrophobic state.
5. Future work
The diﬃculties of direct machining DLC coatings can be overcome by directly applying a thin PE-CVD DLC
coating over a preprocessed laser-machined metal substrate. Ice tests will be performed in order to conﬁrm the
expected anti-ice properties of the hard superhydrophobic surfaces. Rain and sand erosion tests will determine the
applicability range of the materials.
References
[1] J. Meijer, K. Du, A. Gillner, D. Hoﬀmann, V.S. Kovalenko, T. Masuzawa, A. Ostendorf, R. Poprawe, W. Schulz, Laser machining by short
and ultrashort pulses, state of the art and new opportunities in the age of the photons, CIRP Annals - Manufacturing Technology 51 (2) (2002)
531–550.
234 D. Arnaldo del Cerro et al. / Physics Procedia 5 (2010) 231–235
5[2] A. Nakajima, K. Hashimoto, T. Watanabe, Recent studies on super-hydrophobic ﬁlms, Monatshefte fu¨r Chemie / Chemical Monthly 132 (1)
(2001) 31–41.
[3] R.N. Wenzel, Resistance of solid surfaces to wetting by water, Industrial and Engineering Chemistry 28 (8) (1936) 988–994.
[4] T. Young, An essay on the cohesion of ﬂuids, Philosophical Transactions of the Royal Society of London 95 (1805) 65–87.
[5] A.B.D. Cassie, S. Baxter, Wettability of porous surfaces, Transactions of the Faraday Society 40 (1944) 546–551.
[6] A. Erdemir, C. Donnet, Tribology of diamond-like carbon ﬁlms: Recent progress and future prospects, Journal of Physics D: Applied Physics
39 (18) (2006) R311–R327.
[7] K. Bewilogua, G. Bra¨uer, A. Dietz, J. Ga¨bler, G. Goch, B. Karpuschewski, B. Szyszka, Surface technology for automotive engineering, CIRP
Annals - Manufacturing Technology 58 (2) (2009) 608–627.
[8] G.R.B.E. Ro¨mer, D. Arnaldo del Cerro, R.C.J. Sipkema, M.N.W. Groenendijk, A.J. Huis in’t Veld, Ultra short pulse laser generated surface
textures for anti-ice applications in aviation, ICALEO 2009 - 28th International Congress on Applications of Laser and Electro-Optics,
Congress Proceedings (C205) (2009) 30–37.
[9] L. Cao, A. K. Jones, V. K. Sikka, J. Wu, D. Gao, Anti-icing superhydrophobic coatings, Langmuir 25 (21) (2009) 12444–12448.
[10] V.F. Petrenko, S. Peng, Reduction of ice adhesion to metal by using self-assembling monolayers (sams), Canadian Journal of Physics 81 (1-2)
(2003) 387–393.
[11] V.K. Croutch, R. Hartley, Adhesion of ice to coatings and the performance of ice release coatings, J. Coat. Technol. 64 (815) (1992) 41–53.
[12] J.L. Laforte, M.A. Allaire, J. Laﬂamme, State-of-the-art on power line de-icing, Atmospheric Research 46 (1-2) (1998) 143–158.
[13] W. Barthlott, C. Neinhuis, Purity of the sacred lotus, or escape from contamination in biological surfaces, Planta 202 (1) (1997) 1–8.
Acknowledgements
The NL-cluster, and as such, the research leading to these results has received funding from the European Commu-
nity’s Seventh Framework Programme FP7/2007-2013 for the Clean Sky Joint Technology Initiative (JTI) under grant
agreement no CSJUGAM- SFWA-2008-001. The authors would like to thank Volkmar Stenzel, Dirk Salz and Bjo¨rn
Weber from the Fraunhofer-Institut fu¨r Fertigungstechnik und Angewandte Materialforschung (IFAM) in Bremen,
Germany for kindly providing the (coated) stainless steel samples.
D. Arnaldo del Cerro et al. / Physics Procedia 5 (2010) 231–235 235
